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⽩居易《⻓恨歌》“上穷碧落下⻩泉，两处茫茫皆不⻅。”

Terrestrial DM Search Status

“He exhausted all avenues in heaven and the nether world,
… he could not bring her existence to light.”

A Song of Immortal Regret, Bai Juyi (772-846)



Cold Dark Matter (CDM)
• Large scales: very well 

• Small scales (dwarf galaxies, sub-halos, galaxy clusters) 

• Core vs Cusp
• Diversity
• Too big to fail
• Ultra-diffuse galaxies
• …



The Diversity Problem

Oman+(2015)

All galaxies 
have the same 
observed Vmax! 

Colored bands: hydrodynamical simulations of CDM
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The rotation curves are diverse!



the data compiled in Oman+(2015)

Diversity: A Big Challenge

Mhalo~109-1012 M☉

Kuzio de Naray, Martinez, 
Bullock, Kaplinghat (2010)

Dark matter distributions are diverse in spiral galaxies





Diverse Baryon Distributions

Observations: for a given stellar disk mass, the scale radius of the disk varies 
by a factor of ~10
Simulations: the correlation is much tighter

FIRE2

Kaplinghat, Ren, HBY (2020) Fitts+(2018)

Halo: 1010 M☉



Missing Satellites, Too Big To Fail, diverse density of the satellite galaxies, anti-correlation 
between pericenter and central density;  Baryon physics (tidal stripping, feedback, star 
formation history); New physics (SIDM core collapse, Fuzzy dark matter)?  

Milky Way Satellite Galaxies



We need precision measurements of tidal orbital parameters, stellar 
kinematics and stellar distributions, and they become available now!



Dragonfly team, van Dokkum+ (2018, 2019)

MDM/Mstar ⇡ 30
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Milky Way

DF2 and DF4

Expected

Observed

Newly-Discovered Ultra-Diffuse Galaxies

They contain very 
little dark matter!



Ultra-diffuse Galaxies in the Field

Kong, Kaplinghat, HBY, Fraternali, Mancera Pina (2022) 

The mechanism of tidal stripping does not apply to the isolated galaxies in the field

Based on the kinematics data in Mancera Pina+ (2020, 2022) and Shi+(2020) 



“Low-Concentration” Halos

• The gas-rich UDGs strongly favor low-concentration halos, “~5σ” lower than the median; 
this result is robust to the choice of halo density profiles

• These “low-concentration” halos can be found in the the IllustrisTNG dark matter-only 
simulations (gray); but the inner densities of the simulated halos are too high

• Difficult for feedback to produce the UDG halos

low

high



Minor, Kaplinghat, Vegetti (2020)

(2010)

• The substructure is extremely dense

• CDM subhalos are not dense enough

• Compared to the IllustrisTNG 
simulations, the tension with CDM is 
at the > 99% confidence level

• The substructure does not have a 
detectable luminous component; 
baryons cannot help

Opposite extremes:
the UDGs and cored spirals vs the 
substructure

CDM subhalos
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“
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Dark Matter Distributions

Mhalo~108 M☉ Mhalo~1015 M☉

Milky Way satellites Galaxy clusters
Ultra-diffuse galaxies 

(dark-matter-deficient) 

Mhalo~108-10 M☉

• Dark matter distributions are diverse over a wide range of 
galactic systems 

• Baryon physics? New DM physics? Both?

Spiral galaxies

Mhalo~109-1013 M☉
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SIDM Gravothermal Evolution

collapse
“catastrophe”

expansion

tc / (�/m)�1M�1/3
200 c�7/2

200
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heat

heat

σ/m ~>1-10 cm2/g (nuclear scales)



The solid curves are from the SIDM model (core expansion) 

Addressing the Diversity Problem  

Ren, Kwa, Kaplinghat, HBY (2018)



Even Stronger SIDM

w=120 km/s

w=24 km/s

Magenta: MW scale
Yang, Nadler, HBY(2023)
Red: Group scale
Nadler, Yang, HBY (2023)



Even Larger Diversity

• Stronger dark matter self-interactions produce larger diversity
• A constant cross section ~3 cm2/g is conservative

MW scale

Collapsed

See also Correa+(2022)

Isolated halos Isolated halos



Central Density vs Pericenter

• Strong dark matter self-interactions increase the spread and amplify anti-correlation
• For the most ~15 massive subhalos, the CDM simulation does not show the anti-

correlation trend
• The stellar disk would “destroy” the subhalos near the bottom 

collapse 

MW scale

For the discussion on the anti-correlation, see Kaplinghat+(2019)  

Subhalos Subhalos



SIDM Isolated Halos and Subhalos

Group scale

• Strong dark matter self-interactions can greatly diversify the inner halo 
density, due to core expansion and collapse

• Amplify the scatter in the concentration-mass relation

expansion

collapse collapse

expansion
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Group halo: 1013 M☉



Reconciling UDGs & Lens Perturber

Minor+(2020)

There is a slight offset in mass, as the main halo mass  is 1013 M☉ on the 
lower end of the favored range ~1013-6⨉1013 M☉; see Minor+(2020) 

Group scale



Challenge/OPP: Particle Physics Modeling

Astrophysical 
Observables 

SU(N) dark sectors; production mechanisms; cosmology of dark sectors



Challenge/OPP: Simulating Core Collapse
N=4 × 106

Idealized

Zhong, Yang, HBY(2023)

Palubski, Kaplinghat (to appear)

SIDM100+baryonM



Challenge/OPP: Galaxy Formation in SIDM

UDG AGC 114905 

• Produce a large spread in the size-mass relation for spiral galaxies?
• Explain the formation of gas-rich UGDs in the field naturally?
• Reproduce tidal orbital parameters, stellar kinematics and stellar 

distributions of the MW satellite galaxies?
• Other novel aspects of galaxy formation and evolution



The workshop program

UDG AGC 114905 

• Two weeks
• 54 participants, a good mix of grad students, postdocs, and faculty, from 

different fields, including particle physics and astrophysics (N-body 
simulations, semi-analytical modeling, observations, galaxy formation, 
strong lensing)

• Everyone is invited to give a research talk
• We have a working overleaf document; everyone is welcome to 

contribute; we will submit it to arXiv (journal as well?)  

Moderated discussions
06/20: SIDM particle physics models
06/21: Milky Way and dwarf galaxy constraints
06/23: SIDM simulations and semi-analytical modelling 
06/27: Rotation curves, Milky Way Satellites
06/28: Strong Lensing  

We need volunteers as moderators and scribes 
(at least two volunteers for each discussion session)


